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I. INTRODUCTION
Phosphorus diffusion gettering (PDG) is an efficient and widely used technique to reduce the impact of metal impurities on the performance of silicon solar cells. However, the mechanisms that cause the redistribution of impurities from the bulk into the layers near the surface are still under research.
Gilles et al. 1 found that phosphorus doping increases the solubility of iron and thereby attracts impurities through segregation mechanisms. The increased solubility as a function of phosphorus concentration was explained by a Fermi-level effect and by the pairing of negatively charged substitutional iron with positively charged substitutional phosphorus. 1, 2 The presence of substitutional iron in heavily phosphorus doped silicon is supported also by the emission channeling patterns of Fe, 3 by M€ ossbauer spectroscopy, 4, 5 and by ab initio calculations. 6, 7 In the PDG models previously reported, the segregation coefficient is based on the pairing of substitutional iron with substitutional phosphorus. 2, [8] [9] [10] [11] [12] However, the published segregation coefficients 2, [8] [9] [10] [11] [12] overestimate the segregation compared to the measurements of wafers from Ref. 1 with lower phosphorus concentrations than typically present in PDG experiments. Phang et al. 13 recently revealed that a simple segregation mechanism based on an interaction of substitutional phosphorus and iron leads either to an underestimation of the gettering efficiency in heavily doped regions or to an overestimation in lowly doped regions, depending on the chosen segregation coefficient. 13 Recent gettering experiments from Gindner et al. 14 with phosphorus diffusions which result in the same sheet resistance but differ strongly in oxygen gas flow during drive-in support the finding that gettering cannot be solely explained by substitutional phosphorus.
In contrast to the models that are based on segregation of iron due to active phosphorus, Chen et al. 15, 16 and Tryznadlowski et al. 17 proposed a gettering mechanism that involves a complex of P 4 V and Fe atoms. Their model was based on results of density functional theory (DFT) simulations 16 and it was found to agree with the experiments reported in Ref.
11.
Syre et al. 18 found a linear dependency between oxygen and iron profiles measured by SIMS in the heavily phosphorus doped layer. They explained the results with an iron oxygen vacancy complex. A quite similar effect of oxygen induced segregation of metals into the phosphorus doped layer was proposed by Amarray et al. 19 Phosphosilicate glass (PSG) is discussed as another possible sink for iron. 20, 21 To summarize, the proposed models explain single PDG experiment, but the exact gettering mechanism is still unclear. In this work, we aim to get a deeper insight into the dominating gettering mechanisms by analyzing a set of PDG experiments with a combination of SIMS and bulk iron measurements. We include experiments with varying concentration of inactive phosphorus, temperature and PSG thickness in order to separate the effect. We propose a model that is able to explain both the experiments reported previously and also the new results reported here.
II. EXPERIMENT
In the experiments, p-type Czochralski-grown silicon wafers with a thickness of 500 lm, a resistivity of 15.1-16.4 X-cm, and an oxygen level of 13 ppma (6.5 Â 10 17 cm À3 ) were intentionally contaminated to two different iron levels: (i) 1.8 Â 10 13 cm À3 (low) and (ii) 1 Â 10 14 cm À3 (high). The contamination was done by a procedure which is described in more detail in Ref. 21 . After contamination a 440-nmthick oxide was grown on the wafers at 1000 C. The high temperature treatment ensured a homogeneous Fe distribution throughout the wafer. 21 Prior to phosphorus diffusion, the thermal oxide at the front side of the wafer was etched off. The backside oxide layer was kept as a diffusion barrier. In order to study separately the impact of POCl 3 -N 2 diffusion time and a low-temperature tail, four different phosphorus diffusion processes were applied (see Table I ): (a) annealing at 870 C for 60 min in POCl 3 -N 2 atmosphere with subsequent fast cooling (POCl60), (b) annealing at 870 C for 30 min in POCl 3 -N 2 atmosphere þ 30 min drive-in in an oxidizing atmosphere with subsequent fast cooling (POCl30_30), (c) annealing at 870 C for 60 min in POCl 3 -N 2 atmosphere with subsequent slow cooling (1 h) to 800 C followed by 120 min at 800 C (POCl60 þ 800) and (d) annealing at 870 C for 30 min in POCl 3 -N 2 atmosphere þ 30 min drive-in in an oxygen atmosphere with subsequent slow cooling (1 h) to 800 C followed by 120 min at 800 C (POCl30_30 þ 800). During drive-in the ratio between oxygen and nitrogen is much higher than during the POCl 3 -N 2 deposition phase. The resulting higher oxidation rates lead to higher silicon consumption and thicker glasses for processes with 30 min drive-in (see Table I ).
After the phosphorus diffusion the phosphosilicate glass (PSG) at the front side of the wafer was etched off. Interstitial iron concentration in the wafer bulk was measured using the surface photovoltage (SPV) method by PV-2000 Semilab Inc. The measurement procedure is described in more detail in Ref. 21 .
The phosphorus, oxygen, and iron profiles in the heavily doped regions were measured with secondary ion mass spectroscopy (SIMS). SIMS measurement was carried out either before or after the PSG was etched off, depending on the samples. In addition, depth profiles of the substitutional phosphorus concentrations were measured with electrochemical capacitance-voltage (ECV) profiling. The concentration of interstitial phosphorus is several orders of magnitude smaller than the substitutional phosphorus concentration. Thus, we can deduce the concentration of phosphorus in complexes and clusters from the difference of the SIMS and ECV results.
III. PROCESS SIMULATION
We use the software Sentaurus Process 22 for the combined simulation of the PSG growth, phosphorus indiffusion, oxygen in-diffusion, diffusion of silicon defects and iron gettering. The growth of the phosphosilicate glass (PSG) and the phosphorus in-diffusion during the POCl 3 process is based on the models presented in Ref. 23 . The model considers the consumption of silicon during PSG growth. For the activation and clustering of phosphorus a transient model 22 is used and all clustered phosphorus is assumed to be P 4 V.
Silicon eigen defects, i.e., vacancies and interstitials of different charge states are simulated with the standard models of the software. 22 The concentration of interstitials and vacancies at the silicon side of the PSG/Si interface is set to the solubility at the process temperature plus an extra interstitial flux depending on the reaction velocity of the PSG.
For the simulation of oxygen in-diffusion we assume two species to take the retardation of the oxygen diffusion in heavily phosphorus doped silicon [24] [25] [26] into account: Interstitial oxygen (O i ) with the known diffusivity of
k B T cm 2 s 27 and an immobile oxygen species. In local equilibrium the ratio between the two species k immo ¼ ½O immo =½O i is constant. The effective oxygen diffusivity D eff (O) in the heavily phosphorus doped layer can then be written as:
We assume that the PSG is an infinite source for oxygen that diffuses into the silicon. The oxygen concentration at the PSG/Si interface is given by:
(2) k immo and [O i ] Interface are fitted to the measured oxygen profiles.
Gettering of Fe is simulated with different segregation mechanisms for Fe, assuming local equilibrium. The value for the diffusivity of interstitial Fe in silicon is taken from Ref. 28 . Gettered species are assumed to be immobile. The measured Fe concentrations before phosphorus diffusion are used as initial concentrations.
IV. RESULTS

A. Phosphorus profiles
Measured total phosphorus concentration profiles (SIMS) and substitutional phosphorus profiles (ECV) after POCl60 and POCl30_30 are shown in Figure 1 . The two ECV profiles are rather similar: (i) There is a plateau at around 4 Â 10 20 cm À3 in the first 80 (POCl30_30) to 90 nm (POCl60), which is only slightly higher after POCl60 and (ii) the overall profile depth is around 600 nm in both cases (slightly deeper after POCl30_30). On the contrary, the SIMS profiles differ significantly within the first the first 50 nm: The total phosphorus concentration after POCl60 is more than two times higher than after POCl30_30. The simulated total and substitutional phosphorus profiles agree fairly well with the measured profiles (see Figure 1 ). Only the total phosphorus concentration for the POCl30_30 process is slightly overestimated in the simulations.
B. Oxygen profiles
Measured (SIMS) and simulated oxygen profiles after POCl30_30 þ 800 and POCl60 þ 800 processes are presented in Figure 2 . The measured oxygen concentrations close to the PSG/Si interface are several orders of magnitude higher than the solubility of interstitial oxygen at the process temperature,
. 27 In addition, the oxygen profiles indicate that the diffusivity in the heavily phosphorus doped region is approximately a factor of 1000 smaller than the diffusivity of interstitial oxygen in moderately doped silicon. 27 These observations could be explained by a second rather immobile oxygen species that is dominant in heavily phosphorus doped regions with high vacancy concentrations. In Refs. 24-26, a less pronounced retardation of the oxygen diffusion in phosphorus doped silicon is reported.
In this work, we cannot specify whether the immobile species is an oxygen dopant complex as proposed in Refs. 24 and 25, an oxygen vacancy complex 29, 30 or another oxygen complex. However, in the heavily phosphorus doped layer, the vacancy concentration is dominated by the concentration of the double negatively charged vacancies. 31, 32 Thus, the vacancy concentration is proportional to the quadratic electron concentration n:
The simulated concentration of neutral vacancies V 0 in the plateau region is almost identical for POCl60 and POCl30_30. The electron concentration n is determined by the active phosphorus concentration. Thus, the concentration of the rather immobile oxygen species increases with the electron concentration n in both cases, with an oxygen vacancy and with an oxygen dopant complex.
By assuming that the immobile species is an oxygen vacancy complex, k immo becomes proportional to n 2 . The concentration of neutral vacancies and other experimentally not easily accessible quantities are included in the fitted prefactor. The measured oxygen profiles are well reproduced with k immo ¼ 0:09 Â n n i À Á 2 and an interstitial oxygen concentration at the interface of ½O i Interf ace ¼ 2 Â 10 24 cm À3 Â exp À1:52eV k B T (see Figure 2 ). The interstitial oxygen concentration at the PSG/Si interface is a factor of 22 higher than the O i solubility determined by Mikkelsen et al. 27 However, literature data for the oxygen solubility show considerable scatter. 33 One reason is that the oxygen surface concentration depends strongly on the processing condition and is higher during oxidation. 33, 34 The dependency of the oxygen surface concentration on n ensures that the immobile species appears only in the heavily phosphorus doped region. The difference between the two oxygen profiles ( Figure 2 ) is due to the dependency of the oxygen concentration at the PSG/Si interface on n and the higher silicon consumption during the drive-in phase (compared to the deposition phase) shifting the oxygen profile towards the PSG/Si interface.
C. Fe profiles
In Figure 3 , the Fe profiles (a) are shown for highly and lowly contaminated samples after POCl60 þ 800 and POCl30_30 þ 800. The profiles have a maximum Fe concentration at the PSG surface and at the PSG/Si interface. The Fe profiles exhibit a steep decrease within the first 35-50 nm of silicon. During the next 60-80 nm, the Fe concentration decreases slightly until the detection limit of SIMS is reached. The POCl60 þ 800 leads to higher Fe concentrations between 10 and 50 nm for the highly contaminated samples and to higher Fe concentrations after 40 nm for the lowly contaminated samples.
For all SIMS measurements, the overall Fe near the silicon surface (calculated from the SIMS profile) plus the measured bulk Fe concentration equals between 75% and 117% of the initial Fe content. The deviation of the Fe dose in silicon from the initial Fe dose is within the error margins of the SIMS measurements. In addition, lateral inhomogeneities of few percent in the P and O profiles should be taken into account. Within the limit of the measurement accuracy, we conclude that the dominant gettering takes place in the heavily phosphorus doped region. Nevertheless, high Fe concentrations were measured inside the PSG, especially towards the PSG surface. This may well be explained by indiffusion of Fe from the furnace. It is important to notice that our SIMS measurements give only qualitative profiles within the PSG because of the absence of a calibration standard.
D. Gettering mechanisms
For a first evaluation of the possible gettering mechanisms the depth profiles of the impurities that might cause the gettering of Fe are shown in Figure 3 phosphorus have a typical slightly decreasing plateau in the first 110-130 nm determined by the phosphorus solubility. The profiles of the electron density, which might also influence the gettering effect (see Eq. (4)), have similar characteristics according to the simulations. The oxygen concentration decreases steeply from the interface towards the bulk and already after 60-70 nm reaches a typical oxygen concentration level found in silicon. The concentration of P 4 V complexes decreases moderately in the first 100 nm. For the P 4 V profiles, the largest difference can be seen between the wafers after POCl30_30 þ 800 and POCl60 þ 800 processes.
The shape of the Fe profiles from Figure 3 (a) matches none of the profile shapes shown in (b). The steep decrease of the Fe profiles in the beginning correlates with the decrease of the oxygen concentration, but the smooth decrease between $40 and $120 nm follows the phosphorus profiles. Thus, the characteristics of the Fe curves can be explained by a superposition of 2 profiles suggesting that two separate mechanisms are responsible for the Fe gettering.
In the following, we simulate the PDG of Fe using combinations of different models to explain the experimental results. We start with the combination of an iron oxygen complex and an interaction of substitutional Fe with substitutional phosphorus as in Refs. 2, 8, and 10.
We determine the segregation coefficient k Fe (O) for segregation of Fe into the surface layer due to high oxygen concentration as:
For the simulation of segregation due to the interaction of substitutional phosphorus P þ and Fe, we use the model presented in Ref. 10 with a segregation coefficient of:
The concentration of substitutional Fe and thus the segregation coefficient should be proportional to the vacancy concentration. However, the same argumentation as for the immobile oxygen species holds for the substitutional Fe: The vacancy concentration is dominated by the concentration of the double negatively charged vacancy which is proportional to n 2 . The concentration of neutral vacancies is included in the prefactor of the segregation coefficient. A dependency of the segregation coefficient on the experimentally inaccessible vacancy concentration is thus avoided. Figure 4 shows the Fe profiles in the phosphorus doped region after POCl60_800 and POCl30_30_800 simulated with the combined model including both segregation mechanisms. After PDG, most of the Fe (>90%) is in the heavily phosphorus doped region. Thus, the total amount of Fe in this region can be increased only slightly (<10%) by process variation or a higher segregation coefficient. The simulated Fe profiles agree well with the measured SIMS profiles. On the contrary, the shapes of the simulated Fe-O and Fe-P þ profiles (dotted and dashed lines in Figure 4 ) differ significantly from the SIMS Fe profiles. This demonstrates that gettering due to only one of the segregation mechanisms can be excluded. The height of the Fe profiles is determined by the chosen prefactor in the segregation coefficient equations (3) and (4) . However, a different prefactor has no influence on the shape of the Fe profiles.
According to the simulations most of the Fe is gettered by the immobile oxygen complex. However, also the fraction of Fe gettered by substitutional phosphorus is significant.
The P 4 V profiles in Figure 3(b) show a stronger decrease within the plateau region than the active phosphorus profiles. However, a P 4 V complex would getter Fe mainly into the first 100-120 nm similar to the P þ -Fe mechanism. Thus, we also implement a model considering Fe segregation due to Fe-O complexes and Fe-P 4 V complexes.
As proposed in the model by Chen et al., 15 we assume a complex of P 4 V-Fe with a binding energy of 1.52 eV. In our model, P 4 V is the only complex for clustered phosphorus. We determine the pre-factor for the Fe-P 4 V binding from our measurements. The segregation coefficient k s (P 4 V) for regions with high P 4 V concentrations is:
The simulations for the combined model considering segregation due to Fe-O complexes and Fe-P 4 V complexes are compared with the SIMS profiles in Figure 5 . The correlation is almost as good as for the model considering segregation due to P þ -Fe and Fe-O complexes (see Figures 4 and 5 ). The simulated P 4 V-Fe concentrations are also shown in Figure 5 .
The results demonstrate that gettering due to only P 4 V-Fe complexes cannot explain the measured Fe profiles. Neither the combined model with P 4 V-Fe and P þ -Fe ( Figure 5 ) nor the combined model with Fe-O and P þ -Fe ( Figure 4 ) is able to reproduce the difference observed in the measured Fe profiles in the depth interval of 10-50 nm in POCl30_30þ800 and POCl60 þ 800 samples with high [Fe]. A similar difference is not observed in the low [Fe] samples (see Figure 5 ) that have a similar [Fe] shape (in the depth interval of 10-50 nm) as 'POCl30_30 þ 800' with high [Fe] . All other results, especially the Fe i measurements (Figure 7) , indicate that the gettering mechanisms are based on segregation which should result in similar Fe shapes for low and high [Fe] . Although further investigations are needed to judge if the observed difference is due to an additional mechanism, it is more likely resulting from small process variations or measurement uncertainties.
In addition, we test a combination of the segregation coefficients (4) and (5), i.e., P þ -Fe complex and Fe-P 4 V complex, but this combination is not able to reproduce the measured Fe profiles.
E. Interstitial Fe concentration
The detailed cooling process after phosphorus indiffusion is included in the simulations. During the cooling process, the Fe concentration at the front side decreases due to the increasing segregation coefficient (Eqs. (3)- (5)). Thus, the final Fe concentration is strongly inhomogeneous in depth. The simulated Fe i concentration profile after POCl60 þ 800 using a cooling rate of 300 K/min outside the furnace is shown in Figure 6 . For this Fe i profile, we obtain a mean Fe i concentration of 2.1 Â 10 11 cm À3 in a distance between 5 and 9 lm from the front surface. This was experimentally confirmed by DLTS measurement where after of 5 lm silicon was etched off an Fe i concentration of 2.2 Â 10 11 cm À3 was measured.
In samples that have a low minority carrier lifetime, the SPV measurements are dominated by the carrier lifetime at the measurement side. Thus, the in depth inhomogeneity of the Fe i profiles has to be considered when comparing the simulation and Fe i concentration measurements in the bulk. We simulate the depth dependent electron density during the measurement with Sentaurus Device 22 by assuming depth dependent diffusion length, which is calculated from the simulated Fe i depth profiles in the bulk (see Figure 6 ). From Figure 6 , it becomes obvious that a direct comparison of simulated mean Fe i concentration and SPV measurement from the front side leads to an overestimation of the segregation coefficient. Due to the inhomogeneous Fe i concentration and the strong decrease of the electron density close to the surface, the measured Fe i concentration depends strongly on the measurement side. Therefore, we simulate the electron density for the simulated Fe i depth profiles and estimate the corresponding SPV signal by comparing the electron density with the results for homogeneous Fe i concentrations. For highly contaminated wafers after POCl60 þ 800 (see Figure  6 ), we simulate an Fe i concentration of 2.0 Â 10 12 cm À3 (measurement: 2 Â 10 12 cm À3 ) for SPV from the backside and an Fe i concentration of 1.2 Â 10 12 cm À3 (measurement: 0.8 Â 10 12 cm À3 ) for SPV from the front side. For higher Fe i concentrations this effect becomes even more important. This effect was neglected in Ref. 11, which resulted in a systematically overestimated segregation coefficient (by about a factor of 1.5).
The simulated and measured Fe i concentrations in Figure 7 determined from SPV from the front side coincide fairly well. An almost constant ratio between highly and lowly contaminated samples after different processes, i.e., the independence from total iron concentration, is another indication that no other mechanism than segregation, as reported in Ref. 21 , is responsible for gettering. It is important to notice that while SIMS is unable to detect strong differences in gettering efficiency between 30 and 60 min POCl 3 (Figure 3(a) ) the Fe i concentration is clearly changing as seen in Figure 7 .
Our proposed model is able to clarify the discrepancies in the published results on PDG. To give an example, the higher gettering efficiency of a short and strong P diffusion followed by an oxidation compared to a weak P diffusion with almost the same substitutional P profile 13 is probably a result of the deeper oxygen profile. The relative small segregation effect found by Gilles et al. 1 in wafers doped with phosphorus during crystallization can be explained if only the segregation due to phosphorus without the Fe-O complex is considered.
V. CONCLUSIONS
Conventionally, metal impurity gettering is characterized by measuring the remaining metal concentration in the wafer bulk which indeed is the measure of the actual gettering efficiency. However, in order to get a deeper insight on the actual gettering mechanisms, we have extended our study to characterize the iron profiles also in the heavily doped region after various phosphorus diffusion processes. Our findings support segregation based gettering by two parallel defect reactions: (i) between iron and immobile oxygen complex and (ii) between iron and phosphorus.
The SIMS profiles suggest that the segregation of Fe in heavily phosphorus doped regions is due to a reaction with active phosphorus. Thus, we propose a model including gettering due to the immobile oxygen complex and active phosphorus. However, a Fe-P 4 V complex as proposed by Chen et al. 15 (on the basis of DFT simulations) could not be fully excluded. Further experiments resulting in additional oxygen, phosphorus and substitutional phosphorus concentration data would be beneficial.
The presented model for PDG allows the simulation of iron gettering from the bulk together with accurate iron, phosphorus, and oxygen profiles in the heavily doped region. The new insights can be a promising basis for improving the gettering efficiency without influencing the emitter characteristics, e.g., using a process with similar sheet resistance but higher oxygen concentration in the vicinity of the surface.
